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Abstract 
In this study the split Hopkinson pressure bar technique was used together with high speed photography and digital image 
correlation to investigate the dynamic tension behavior of Kuru Granite. High speed photography at 200.000 fps was combined 
with digital image correlation technique to obtain the displacement and strain fields on the surface of Brazilian disc test samples. 
The advantage of such a high frequency is that strains prior to the dynamic failure can be observed even if the material is brittle. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Most of the bedrock in the Nordic countries consists of various types of granite commonly referred to as hard 
rock. Drilling of the hard rock is typically associated with low penetration rates and rapid tool wear.  Fundamental 
understanding of the dynamic rock breaking process is thus needed to support the development of cost effective 
technologies, such as percussive drilling. The determination and understanding of the tension properties and 
behavior of the rock are crucial to optimize the rate of penetration of the percussive drilling. 
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Tensile stresses appear during the unloading and significantly contribute to the rock failure process. The Brazilian 
Disc (BD) tests are widely used for indirect measurement of the tension strength of rock materials. Since Fairhurst 
(1964) settled analytically the validity of BD tests for brittle materials, these tests have been extensively used on 
various rock materials under static and dynamic loading conditions. A very complete review presented by Zhang and 
Zhao (2013a) explains the feasibility of the Brazilian Disc test on a Split-Hopkinson Pressure Bar (SHPB) system for 
the measurement of the dynamic tensile strength of rock materials. The impact velocities of the piston in percussive 
rock drilling typically range from 5 to 10 m/s thus, the SHPB technique, where the impact velocities range from 1 to 
40 m/s is suitable for characterization of the material behavior at the drilling conditions. However, the post treatment 
of the test results is a challenging task for two main reasons. Firstly, the geometry of the specimen and the loading 
conditions give rise to inhomogeneous strain states. Strain gages are standard measurement techniques in mechanics, 
but are not suitable here since they can only measure strains at a given location, and local phenomena (e.g. crack or 
strain waves) might be missed. Non-contact measurement techniques, such as fringes and digital image correlation 
(DIC) have been used as better alternatives to obtained full-field measurements (see Zhang and Zhao, 2013a for 
review). Secondly, high frequency image acquisition is needed due to the short duration of the test. High frame rates 
can lead to lower quality of the image data (noise, blur) compared to low frame rates. In addition, the presence of 
stress waves can influence the crack initiation and the failure process (Zhang and Zhao, 2013b). Recent studies have 
presented images of the deformation prior to failure of rocks during dynamic loading (Zhang and Zhao, 2013b, 
2013c; Zhou et al., 2013). 
In this paper, the dynamic BD tests were performed on Kuru granite with a split Hopkinson pressure bar (SHPB) 
and the deformation was observed with a high-speed camera. The high acquisition frequency of the high speed 
camera (200.000 fps, i.e. a frame every 5 ȝs ), together with the digital image correlation (DIC), enabled the analysis 
of the strain field evolution prior to the fracture. Chapter 2 describes the rock material and the experimental setup, 
and the Chapter 3 describes the details of the post treatment and the analysis of the experimental data. Finally, 
conclusions and further work are summarized in Chapter 4. 
2. Experimental 
2.1. The rock material 
Fig. 1 (a) presents the composition of the Kuru granite obtained from an x-ray analysis performed by energy 
dispersive spectroscopy, and Fig. 1 (b) shows the microstructure of the rock, where the white grains are Quartz, the 
grey areas are Microline/Albite, and the small black spots contain Mica. 
2.2. Brazilian disc tests using the SHPB apparatus 
Fig. 1 (c) summarizes the specimen dimensions and the impact velocities for the eight dynamic BD tests that 
were performed on the Kuru granite. Fig. 1 (d) illustrates the full experimental setup that was used in this study 
(Zhang and Zhao, 2013b). The striker bar impacts the free end of the incident bar and generates a compressive stress 
wave. When this wave reaches the BD sample, part of the wave is reflected back into the incident bar as a wave of 
tension, while the rest of the incident pulse is transmitted through the sample into the transmitted bar. A disc shaped 
pulse shaper of soft and deformable material (copper or rubber) was used to increase the rise time of the incident 
stress pulse and to improve the dynamic equilibrium. The incident ( iε ), transmitted ( tε ), and reflected strains ( rε ), 
were measured using strain gages bonded on the surfaces of the incident (SG1) and transmitted bars (SG2), as 
shown in Fig. 1 (d). The strain gage signals were amplified using Kyowa CVD 700A series high bandwidth signal 
conditioner, and the amplified strain signals were recorded using a 2MHz Yokogawa DL 708 digital oscilloscope. A 
numerical dispersion correction was carried out on the obtained signals using a method adopted from the work of 
Gorham (1983). 
The length of the incident, transmitted, and striker bars in the SHPB device were i t 1.2 mL L= =  and sb 0.4 mL =
, respectively. The diameter of the steel bars was b 22 mmD = . The nominal length of the BD samples was 
s 16 mmL =  and the diameter s 40 mmD = . The dimensions measured for each specimen are given in Fig. 1 (c). 
Test 1 was performed without painting a speckle pattern on the sample to check the correlation capability on the 
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rock’s natural surface texture, but the texture was found not suitable for the image correlation. Consequently, a 
random speckled pattern was applied on the specimen surface to ensure a good contrast. During the test, the painted 
BD sample was placed between the incident and transmitted bars and the contact surfaces between the sample and 
the bars were lubricated. The sample was supported from below using a soft tissue to prevent the sample from 
sliding down under its own weight prior to the test. 
 
 
Element wt% 
Test 
Diameter 
sD  (mm) 
Length 
sL  (mm) 
Impact velocity 
0
v  (m/s) 
1 40.7 16.00 11.05 
2 40.76 16.10 11.16 
3 40.74 16.00 11.02 
4 40.75 16.05 10.67 
5 40.8 16.10 11.10 
6 40.79 16.08 11.78 
7 40.76 16.09 13.96 
8 40.78 16.11 7.55 
 
Quartz 35.3 
Albite intermediate 30.4 
Microcline maxi 28.0 
Biotite 1M Mica 2.9 
Diopside 2.1 
Chlorite IIb 1.3 
                        (a)                                             (c) 
 
 
 
(b) (d) 
 
Fig. 1. (a) Kuru granite chemical composition, (b) picture of the microstructure, (c) BD sample dimensions and striker bar velocities for each test 
and (d) and schematic representation of the experimental set up (Zhang and Zhao, 2013b) 
 
 
The high-speed camera was placed at a distance of 0.5 m away from the specimen, and a sheet of glass was used 
between the sample and the camera to protect the camera optics from sample fragments. The high speed camera 
used in this work was the Cordin 535, which uses a multifaceted rotating mirror to distribute the light to 16 
individual CCD sensors yielding a constant high resolution of 1 MPix for each frame. The camera was triggered by 
a synchronized TTL pulse from the oscilloscope. Therefore, the camera starts to record images just before the stress 
wave arrives at the bar-specimen interface. A frame rate of 200.000 fps was used to cover the entire test, i.e. 
recording minimum of one picture prior to the arrival of the stress wave and several pictures during the deformation. 
3. Analysis of results 
3.1. Processing of the SHPB data 
The stress equilibrium in the sample is ensured when the forces on the two sides of the specimen are equal. The 
forces, shown for all tests in Fig. 2, can be calculated from the strain gage measurement using the equations 
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( )1 b b 2 b b,i r tP A E P A Eε ε ε= + =    (1) 
where bA  and bE  are the cross-sectional area and the Young’s modulus of the bars. Note that the maximum load 
appears simultaneously on the front ( 1P ) and back sides ( 2P ) of the sample, except in the Test 8, which will 
consequently be excluded from further analysis. A possible reason is the presence of an initial defect in the 
specimen leading to premature failure at the contact with the incident bar. Experimental indirect tensile strengths 
were calculated using the average force applied 1 2( ) 2P P P= +  and the tensile stress (shown in Fig. 3) can be 
computed from the Hertz's expression 
s s
2P
L D
σ
π
=    (2) 
where sL  and sD  are the nominal length and diameter of the BD specimen. This formulation is only valid when the 
maximum stress is located at the center of the specimen and when the material deforms only elastically prior to the 
fracture. No significant differences between the tests can be observed, except for Tests 7 and 8 (not shown in Fig. 3) 
which were performed at slightly different speeds of 14 m/s and 7 m/s respectively. The highest strength appears 
consistently after around 30 μs in all tests. The indirect tensile strength for the Test 1-6 is close to 40 MPa. 
 
Fig. 2. Experimental forces versus time (Test 1-8). 
 
Fig. 3. Indirect tensile strength (Tests 1-6). 
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3.2. High speed camera pictures 
Some of the images obtained in this study were blurred and the lightning varies substantially from picture to 
picture. Therefore, some DIC results were incomplete or inaccurate for further analysis. Yet, eight duplicate BD 
tests were carried out and offer a good overview of what can be analyzed with the DIC technique. Fig. 4 shows a 
selection of pictures obtained during Test 4. The first visible crack appears at 25 ȝst =  and its propagation can be 
seen until 50 ȝst = . 
 
 
5 ȝst =  25 ȝst =  35 ȝst =  50 ȝst =  
Fig. 4. Pictures obtained during Test 4. 
 
For each test, three stages can be distinguished: 
• Before the crack initiation: no strong discontinuity in the strain field 
• Initiation of the crack: the strains start to localize, a first crack appears 
• Propagation of the crack: high and/or multiple strain localization, the first crack grows and/or other cracks appear 
and propagate, the failure pattern can be observed 
According to Zhou et al. (2013), the failure patterns of the BD samples can be classified into two groups  
• Diametrical split: the cracks initiate at the center of the specimen and the specimen further split into two halves 
(Fig. 5 (b)), while no significant crushing is observed at the rock/bar interface 
• Failure with a crushed strap: the cracks do not necessarily initiate at the center of the specimen, crushing damage 
appears on the two interfaces (rock/bar) and in the center of the specimen (Fig. 5 (d)) 
 
Among all tests, it is thus possible to distinguish between those exhibiting a diametrical spit (Test 1-5) and those 
with crushed areas and multiple cracking (Test 6-7). Fig. 5 (a) and (b) show fractured BD specimens obtained from 
Test 3 and Test 7, respectively, while Fig. 5 (c) and (d) show the two corresponding failure patterns described above 
(Zhou et al., 2013). 
 
(a) (b) (c) (d) 
Fig. 5. Failure pattern from (a) Test 3 and (c) Test 7 and illustrated by Zhou et al. (2013) with (b) diametrical split and (d) crushed strap. 
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3.3. Digital image correlation analysis 
   
a) 15 ȝst =  20 ȝst =  25 ȝst =  30 ȝst =  35 ȝst =  
   
b) 25 ȝst =  30 ȝst =  35 ȝst =  40 ȝst =  45 ȝst =  
Fig. 6. Transversal strains obtained during (a) Test 4 (strains scale from 0 to 0.02) and (b) Test 6 (strains scale from 0 to 0.03).  
 
The software 7D was used to perform the DIC analysis and the reader is referred to Vacher et al. (1999) for 
further details about the strain computations. A small mesh size was used for accurate identification of the crack 
while keeping the noise of correlation reasonable. All tests except Test 8 were post processed by DIC analysis, and a 
few general observations can be summarized. Before cracking, the strain values are low and in the same order of 
magnitude as the noise of correlation. In addition, correlation artefacts, such as integer pixel jumps can appear due 
to the blurred pictures. Then, the strains substantially increase in the central region of the specimen, a first crack 
initiates and the strains tend to decrease elsewhere. 
Fig. 6 shows the transversal strains map (i.e. strain component orthogonal to the loading direction, vertical in the 
picture) during Test 4 and Test 6. The initiation of the crack is obtained with the DIC analysis before visible crack 
on the picture, as given in Fig. 4 for Test 4. For Test 6 (and Test 7, not shown here), the initiation of localized strains 
is located on the right part of the sample. For Test 1-5, the initiation tends to be closer to the center of the specimen. 
Zhou et al. (2013) stated that due to reflected waves, the maximum tensile stress can deviate from the center of the 
specimen and be located at a distance of s0.25D  from the transmission bar, along the loading axis. This corresponds 
to the tendency observed above. Other experimental aspects can also explain this deviation: the heterogeneities of 
the microstructure or the failure initiation below the visible surface of the specimen for instance. 
4. Conclusions and further work 
The crack initiation and propagation during the dynamic Brazilian disc tests were studied using a special high 
speed camera and DIC analyses. The quality of the pictures, however, and the use of DIC analysis on discontinuities 
limits this study to a qualitative description of the failure process. Even with a particularly high acquisition 
frequency, the crack initiation and growth were difficult to observe and study. Nevertheless, the extension of the 
DIC analysis to the crack detection and node splitting techniques (Nguyen et al., 2011) is a promising perspective to 
locate and describe more accurately the crack initiation. Thus, the presented experimental data could be further 
explored. 
Numerical simulations of the dynamic Brazilian disc tests (Saksala et al., 2013) will be carried out to further 
investigate the wave propagation and the influence of the boundary conditions, which are rather difficult to access 
experimentally. In that line, Lanaro et al. (2009) studied numerically the dynamic BD tests and found that the 
initiation of micro cracks prior to the final failure could substantially modify the stress distribution and the failure 
process. 
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